Background. Obesity was first noted as a risk factor for severe illness associated with pandemic H1N1 infection in 2009, but the relationship between obesity and seasonal influenza remains unclear.
In 2009, obesity was first noted as a risk factor for severe illness associated with pandemic influenza A(H1N1) infection. Obesity prevalence has risen dramatically to epidemic proportions with 12% prevalence for adults globally, 34% in the United States, and >25% in parts of Europe [1] . A convincing association between obesity and severe outcomes following pandemic influenza infection, such as hospitalization and mortality, was demonstrated by a global study from the World Health Organization (WHO) combining data about confirmed influenza cases from almost 20 countries [2] . A metaanalysis revealed a pooled relative risk for obesity (body mass index [BMI] ≥30 kg/m 2 ) and influenzarelated pneumonia of 1.3 (95% confidence interval [CI], 1.05-1.63) [3] , with the majority of the included studies relating to 2009 pandemic influenza. The relationship between obesity and seasonal influenza has only been examined in a few studies. A fatal case of seasonal influenza in an obese individual was reported in California [4] . Obese people have been found to have higher respiratory hospitalization in seasonal influenza epidemics than normal-weight individuals [5] . Animal studies have also demonstrated higher mortality among obese mice than lean mice after influenza A infection [6] . However, for humans, little evidence is available as to whether obesity is an independent risk factor for mortality associated with seasonal influenza infection, because obesity is a complex condition with high prevalence of comorbidities and seasonal influenza is difficult to detect. In this study we examined the mortality risk associated with seasonal influenza, and whether it was higher with obesity in a large population-based cohort of older people with long-term follow-up. Whether high BMI is the causal risk factor or the result of morbidities is unclear [7] , so we also examined the relation between influenza and obesity by health status, as an association among people in good health would be unlikely to be due to obesity-related comorbidities.
METHODS

The Elderly Health Services Cohort Study
We used data from a prospective population-based cohort of older Chinese people (aged ≥65 years) enrolled at 18 Elderly Health Centres (EHCs) during July 1998 to December 2001 and followed up until May 2012 in Hong Kong. EHCs offer older people screening services and medical examinations. Specially trained nurses and physicians interviewed and examined every participant at a baseline health assessment using a standardized questionnaire to obtain sociodemographic information, medical history, medical conditions, and lifestyle. The participants in the cohort study were similar to elderly people from the general population in age, socioeconomic position, smoking status, and hospital utilization, except that there were more women than men in the cohort than in the general elderly population [8] . Detailed information on the cohort has been described in a previous study [8] .
Body Mass Index Measurement
Height and weight were measured at the examination. 
Influenza Data
Influenza activity was assessed from the product of the weekly proportion of laboratory influenza detection and the weekly proportion of influenza-like illness (ILI) consultations in sentinel general practitioner (GP) clinics in Hong Kong [9] . The weekly proportion of laboratory influenza detection was obtained from laboratory surveillance for influenza from sentinel clinics and hospitals. The weekly proportion of GP ILI consultations was obtained from the routine sentinel ILI surveillance in GP clinics, and the influenza season was defined as at least 2 consecutive weeks with influenza activity >0.005 as previously [10] . The influenza season was used as a proxy measurement to ascertain influenza-related mortality in individual patients.
Outcome Measurement
Participants were followed up from recruitment until death or 30 May 2012, whichever came first. Vital status and cause of death were obtained by record linkage on Hong Kong identity card number to death registration or use of outpatient and hospitalization services in Hong Kong. Most Hong Kong residents die in hospital, ensuring high-quality cause-of-death classification. Telephone survey was applied for the few who died outside Hong Kong.
The subjects not found dead by record linkage were assumed to be alive. Deaths were coded according to the ninth revision of the International Classification of Diseases (ICD) before 2001 and the tenth revision after 2001. Two underlying causes of death strongly associated with influenza virus circulation [10] were considered: respiratory diseases (ICD-9: 460-519; ICD-10: J00-J99) and specifically pneumonia and influenza (P&I) (ICD-9: 480-488; ICD-10: J09-J18). External causes, including injury and poisoning, (ICD-9: 800-999; ICD-10: S00-T98), were considered as a control outcome, because these should be unrelated to influenza season in an adequately adjusted model.
Covariates
Potential confounders included age, sex, and socioeconomic position. Preexisting chronic cardiac diseases, pulmonary diseases, and diabetes mellitus were also considered to be confounders because they are risk factors for serious outcomes after influenza infection [11] . Cigarette smoking is also a risk factor for influenza infection [12] , and alcohol consumption has been found to increase the severity of murine influenza virus infection [13] . Respiratory syncytial virus (RSV) activity was also considered to be a potential confounder because it is associated with influenza activity by overlapping with the influenza circulation in some years. RSV activity was represented by the product of the weekly proportion of patients with ILI from sentinel ILI surveillance and the weekly proportion of RSV detection from laboratory surveillance. Meteorologic factors including weekly temperature and absolute humidity also affect influenza activity [14] and death [15] . We also adjusted for the presence of severe acute respiratory syndrome (SARS) in 2003 and pandemic H1N1 in 2009 because of the potential effect on influenza circulation and measurement these 2 years. Calendar time (as weeks) was included in the analysis to control for other unknown confounders. Health status was categorized into good health status (≤2 items) and poor health status (>2 items) based on the comprehensive 12-item index by accounting chronic diseases, use of health service, and frailty [8] . Age groups were defined as 65-69 years, 70-79 years, and ≥80 years.
Statistical Analysis
A multivariable Cox proportional hazards model was used to estimate hazard ratios (HRs) and 95% CIs for influenza circulation in the community, as the average increase in influenza activity (mean difference in influenza activity between the influenza season and noninfluenza season) over time in a time-dependent analysis. Participants with death from other causes were censored at the date of death. We adjusted for potential time-independent confounders-that is, sex, socioeconomic position assessed from housing type and education level, underlying risk factors (chronic cardiac diseases, pulmonary diseases, diabetes mellitus, smoking, alcohol consumption)-as well as simultaneously adjusting for time-dependent variables, including age, temperature, absolute humidity, RSV circulation, the 2003 SARS period, the 2009 pandemic influenza period, and weekly calendar time, with a restricted cubic spline.
To evaluate whether the association of influenza activity with mortality varied with obesity, an interaction term of influenza activity and BMI categories was added to the Cox proportional hazards model. Whether the relation of influenza with obesity varied by health status or age group was investigated by using a 3-way interaction term in the Cox model and further stratified analysis. The proportional hazards assumption was tested by evaluating the interaction term of influenza and time. The concordance index including interaction term was calculated and compared with the model excluding interaction term but retaining all other variables [16] .
Influenza surveillance data are potentially affected by delays in both consulting and reporting and thus may lag behind the true community incidence of infection. Different week lags were tested in separate Cox models. All statistical analysis was performed using R package, version 2.14.1 (R Foundation for Statistical Computing, Vienna, Austria).
Ethical Approval
The ethics committee of the Faculty of Medicine, the University of Hong Kong Hospital Authority, and the Hong Kong West Cluster Joint Institutional Review Board approved this study. The study complied with the principles of the Declaration of Helsinki.
RESULTS
Among 66 820 participants recruited to the EHC study, 979 participants (1%) without vital status or complete baseline data were excluded. The final analysis included 65 841 participants with an average follow-up period of 10.5 years. By 30 May 2012, 19 389 (29%) deaths had occurred, of which 3974 (6%) were respiratory deaths. Table 1 shows descriptive information by BMI category; 66% of participants were women and 60% of participants had at least 1 underlying risk factor potentially associated with severe influenza complications. Obese individuals were more likely to have comorbidities, such as chronic cardiovascular disease or diabetes mellitus. Figure 1 shows the weekly all-cause, respiratory, P&I mortality, and weekly influenza activity from 1998 to 2012. The circulation pattern of 2 influenza seasons per year was identified in nearly half of the follow-up years; the other years (2001, (2003) (2004) (2005) 2007 , 2011) had only 1 influenza season. The weekly respiratory mortality tended to have similar seasonality, with 1 or 2 slight peaks coinciding with the periods of influenza activity each year.
Effect of Seasonal Influenza on Respiratory Mortality
The proportional hazard assumption was satisfied in our analysis based on the nonsignificant interaction term of influenza and calendar time in the Cox model (P = .42). The effect of influenza on respiratory mortality was greatest in the model, with a time lag of 4 weeks. Respiratory mortality was higher by 13% (HR, 1.13; 95% CI, 1.05-1.22) in the influenza season (Table 2) . Influenza activity was also associated with higher all-cause mortality (HR, 1.04; 95% CI, 1.01-1.08), and higher P&I mortality (HR, 1.13; 95% CI, 1.02-1.25). There was no association between influenza and deaths from external causes, as expected.
Effect Modification of Obesity on Influenza-Associated Respiratory Mortality
Because only 3% of men and 7% of women were severely obese, we combined the moderately obese and severely obese categories into 1 obesity category (BMI ≥ 25 kg/m 2 ). Before the 2009 influenza pandemic, the association of seasonal influenza activity with respiratory mortality was 19% higher for obese than normal-weight individuals (HR, 1.19; 95% CI, 1.01-1.42) in a model with a time lag of 5 weeks (Table 3 ). The concordance index of the multivariable Cox model with interaction of obesity and influenza was 0.85, higher than the concordance index of the multivariable Cox model excluding the interaction term but retaining all other variables (0.84), suggesting that predictive accuracy of the model was enhanced by adding the interaction term. During the whole follow-up period including the 2009 influenza pandemic, the association of influenza activity with respiratory mortality was 11% higher for obese than normal-weight individuals (HR, 1.11; 95% CI, 1.01-1.22) with a time lag of 3 Figure 1 . Weekly all-cause mortality, respiratory mortality, and pneumonia and influenza (P&I) mortality in the cohort and weekly influenza circulation in the community.
weeks. The marginally significant variance with obesity status was also observed for the association between seasonal influenza and P&I mortality (HR, 1.22; 95% CI, .98-1.52; Table 4 ). The association of seasonal influenza activity with all-cause mortality did not clearly vary by obesity status. As expected, the association of influenza activity with external causes of death did not vary by obesity status ( Table 4) .
The association of seasonal influenza activity with respiratory mortality did not clearly vary by obesity and health status (P = .41) or obesity and age group (.10 ≤ P ≤ .20). Nevertheless, with a 5-week lag in the healthier subgroup, the association of seasonal influenza activity with respiratory mortality was 35% higher among obese individuals than in normal-weight individuals (HR, 1.35; 95% CI, .97-1.87), whereas with a 1-week lag in the subgroup with poor health status, this association was 21% higher in obese individuals than normal-weight individuals (HR, 1.21; 95% CI, 1.00-1.46) (Table 5) . Similarly, with a 3-week lag, among younger older people (65-69 years), b HR of the all-cause mortality and cause-specific mortality when influenza increased from the outside to the inside of influenza season. c HR of the respiratory mortality in certain BMI category compared to the normal weight category when influenza circulation activity increased from the outside to the inside of influenza season.
influenza-associated respiratory mortality was 2.5 times higher among obese than normal-weight individuals (Table 6 ).
DISCUSSION
Our study is the first to identify obesity as an independent risk factor that aggravates the impact of seasonal influenza on respiratory mortality after adjustment for potential confounders including comorbidities, meteorologic factors, and a key cocirculating respiratory virus. When influenza activity increased from nonepidemic to epidemic levels, the impact of seasonal influenza activity on respiratory mortality was 19% higher in obese individuals than normal-weight individuals based on the data from 1998 to 2008. The association of influenza with respiratory mortality among obese people was stronger when using data from the whole study period from 1998 to 2012. In addition, these findings were specific as no such difference was seen for external causes of death.
Obese people appeared to be at higher risk of influenzaassociated death in the 2009 A(H1N1) pandemic [3] . For seasonal influenza, a higher odds ratio for respiratory hospitalization among obese individuals during influenza seasons was found by Kwong et al [5] . Influenza-related hospitalizations were 12% higher after obesity prevalence in the community increased by 5% from 2002 to 2008 in the United States [17] . An obese person died of seasonal influenza in the 2003-2005 epidemics in Canada [4] . Our study provides new evidence that obese people were at higher risk of respiratory mortality associated with seasonal influenza from 1998 to 2008. The slightly smaller effect of obesity on influenza based on data from 1998 to 2012 could be due to the disrupted seasonal patterns of influenza following the 2009 pandemic influenza [18] . Our results are consistent with previous findings in animal models where a higher risk of death occurred among diet-induced obese mice than lean controls when infected with seasonal influenza [6] .
Few previous studies have examined the relation of obesity with seasonal influenza. The rate ratio for acute respiratory infection (ARI) was 1.17-1.19 for obese people during the influenza seasons in Canada [19] , but ARI is not specific to influenza infection and may be caused by other pathogens [20] . Chronic diseases often coexist with obesity, such as cardiovascular disease and diabetes mellitus [21] , and are also associated with severe outcomes from influenza infection [11] . In this study, we adjusted for preexisting chronic diseases to identify the independent role of obesity. Our strengths also include objective measurement of BMI, and comprehensive assessment of an c HR of the respiratory mortality in certain BMI category compared to the normal weight category when influenza circulation activity increased from the outside to the inside of influenza season. c HR of the respiratory mortality in obese people compared to people with normal weight when influenza circulation activity increased from the outside to the inside of influenza season. influenza proxy. We used an indirect approach to examine the relation of obesity to mortality associated with influenza. A previous nonsignificant finding that people with BMI ≥ 30 kg/m 2 had higher respiratory mortality associated with seasonal influenza in Hong Kong may be due to a small sample size and the use of weekly proportions of specimens positive for influenza virus as influenza proxy [22] .
The evidence of differing effects of influenza by obesity status existed for different week lags in the overall analysis and stratified analysis by health status and age group. In the 2009 pandemic, the median time from the onset of illness to death was 15 days (range, 4-52 days) in the United States [23] . Obese individuals have a longer length of hospital stay due to respiratory failure (mean stay, 19-30 days) than nonobese individuals [24] . A week lag of 3 or 5 might be realistic when estimating the impact of influenza on obese people. For the unhealthier subgroup, effect modification of obesity and the time lag between influenza activity and death were both smaller compared to the healthier subgroup. The mechanism of various time lags between influenza activity and death for populations with different characteristics needs to be further explored. The mechanism whereby obesity enhances the effect of influenza is not well established. A study in obese volunteers indicated obesity to be related to Toll-like receptor 3 impairment, which could explain, at least in part, the inadequate immune response of obese individuals during infection with influenza A(H1N1) virus [25] . Animal studies have shown impaired immune response and severely damaged lung function for obese mice after influenza infection [26] . In this cohort study, all-cause and respiratory mortality risk was higher by approximately 4% and 13%, respectively, after influenza activity increased from non-influenza season to influenza season in the community, which is consistent with substantial all-cause and respiratory mortality attributable to influenza circulation in Hong Kong [10] . Figure 1 shows that the seasonal pattern of respiratory mortality among the cohort coincided with influenza circulation [27] .
Obesity is a worldwide public health issue associated with chronic diseases. The burden of influenza mortality attributable to obesity may be even larger in other countries with higher prevalence of obesity than Hong Kong. Based on evidence of a relation between obesity and 2009 pandemic influenza, influenza vaccine priority has been given to people with severe obesity (BMI ≥ 30 kg/m 2 ) in many places including Hong Kong.
Our study provides new evidence of higher seasonal influenzaassociated respiratory mortality among obese individuals (BMI ≥ 25 kg/m 2 in WHO Asian criteria) for an Asian population.
Appropriate protection against influenza should be considered for obese people with BMI ≥ 25 kg/m 2 . However, obesity-related immune dysfunction causes decreased response to influenza vaccine in obese people [28] . On the other hand, effective public health interventions including changes in diet and physical activity to reduce the increasing prevalence of obesity all over the world would provide the potential health benefits to reduce disease burden of both seasonal and pandemic influenza. Our study has some potential limitations. The proxy measurement of influenza may not accurately represent influenza incidence in the community. However, this proxy measure combines information from clinical and laboratory surveillance data, so as to more closely represent influenza incidence in the community than clinical or laboratory surveillance data alone [9] . BMI was recorded at baseline and may have changed during the follow-up, leading to some misclassification. However, BMI changes only about 0.5 units every 6 years [29] , and <0.37 every 10 years for elderly people [30] , so the misclassification is likely to be minor. Underlying risk factors, including chronic diseases and lifestyle, were self-reported at baseline; changes during the study period could have biased our estimation. Influenza vaccine records were not available, but the vaccination rates during [2003] [2004] [2005] were comparable between the 5 BMI groups according to the telephone survey on a subsample of the cohort [31] . In addition, the percentage of seasonal influenza vaccination was quite low, at about 26.1%-36.4% of elderly people living in the community in Hong Kong [32] .
Despite these shortcomings, our analysis shows an independent role of obesity in seasonal influenza-associated respiratory mortality. Influenza vaccination priority should be considered for individuals with BMI ≥ 25 kg/m 2 to decrease the severe disease burden of influenza.
Notes
